Introduction: Cerebral vasospasm is a well-documented complication of aneurismal subarachnoid hemorrhage but has not been extensively studied in brain arteriovenous malformations (BAVMs). Here, our purpose was to identify risk factors for cerebral vasospasm after BAVM rupture in patients requiring intensive care unit (ICU) admission.
Introduction
Cerebral vasospasm has been extensively studied following aneurismal subarachnoid hemorrhage (SAH) and has also been reported after traumatic brain injury [1] or neurosurgery [2] . After aneurismal SAH, several risk factors present at admission have been identified, such as younger age, cigarette smoking, poor clinical grade, arterial hypertension, intracerebral hemorrhage, and thick cisternal clot [3] [4] [5] .
Although rupture of a brain arteriovenous malformation (BAVM) is a cause of SAH, few data are available on the incidence of cerebral vasospasm after BAVM rupture. In a series of 100 patients admitted between 1957 and 1977, Parkinson et al. [6] found a single case of symptomatic vasospasm. In recent years, however, transcranial Doppler (TCD) and CT/MRI cerebral angiography have contributed to improve the detection of vasospasm. Severe vasospasm associated with delayed cerebral infarction (CI) was reported recently in young adults [7] [8] [9] [10] [11] and children [10, 12, 13] with BAVM rupture. Medical treatments may be effective in minimizing the adverse consequences of vasospasm and improving outcomes after aneurismal SAH [14] . These treatments may also be effective in ruptured BAVM. Early vasospasm detection in patients with ruptured BAVM would allow evaluations of therapeutic interventions such as calcium-channel blockers and triple-H therapy. The identification of risk factors for vasospasm would be expected to assist in early vasospasm detection.
Here, our aim was to identify risk factors for cerebral vasospasm present at admission to the intensive care unit (ICU) for intracerebral bleeding following BAVM rupture.
Materials and methods
This observational study was conducted in compliance with STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines [15] , with the slight adjustments detailed below.
Patients
Consecutive patients admitted to our 25-bed neurosurgical ICU with ruptured BAVM from January 2003 to May 2010 were eligible. BAVM rupture was defined as SAH, intraventricular hemorrhage (IVH), or intracerebral hematoma visualized on the admission computed tomography (CT) scan with concomitant BAVM visualization by digital subtraction angiography (DSA) or CTangiography. Exclusion criteria were admission more than four days after BAVM rupture suggesting suboptimal initial care, death within four days after BAVM rupture (minimal time to vasospasm), BAVM rupture after elective treatment, and age younger than 15 years. For this single-center retrospective observational study using anonymized information, informed consent was waived by our local ethics review board (Comité de Protection des Personnes -Ile de France VI Pitié-Salpêtrière) and according to the French law (Act n°78-17 of 6 January 1978 on data processing, data files, and individual liberties).
Clinical management
The timing and type of treatment (embolization, surgical resection, or both) were decided by consensus between the neurosurgeon and interventional neuroradiologist based on the clinical presentation and on the location, size, and angioarchitecture of the BAVM. All patients were admitted to the ICU. None received prophylactic nimodipine or statin therapy. A central venous line and an arterial catheter were inserted when required. Intravenous isotonic saline was given routinely to maintain normovolemia. After the BAVM was secured, systolic arterial blood pressure was maintained above 130 to 140 mmHg, if needed by continuously infusing norepinephrine. Intracranial pressure (ICP) elevation was treated by cerebrospinal fluid drainage, mechanical ventilation, reinforced sedation, and, rarely, moderate hypothermia. CT was performed regularly during the ICU stay, routinely on the day of transfer from the ICU to the ward, and in the event of clinical deterioration, to look for secondary complications such as hydrocephalus, rebleeding, or ischemia. Patients diagnosed with TCD vasospasm (TCD-VS) were treated with continuous intravenous nimodipine (2 mg/h) and, if the BAVM was secured, continuous norepinephrine infusion for arterial blood pressure elevation. DSA was performed in transportable patients. Selective intraarterial chemical vasodilation (nimodipine) and transarterial balloon dilation were considered to be second-line treatments in patients with secured BAVMs.
Study variables
At admission, we recorded factors describing the population and factors potentially associated with outcomes, including age, gender, smoking history, arterial hypertension, diabetes, and Glasgow Coma Scale (GCS) score.
The consequences of BAVM rupture identified on the admission cerebral CT scan were recorded as intraventricular hemorrhage, intracerebral hematoma, and/or SAH. SAH was classified as diffuse (diffuse deposition or thin layer of blood <1 mm), focal (localized clot >1 mm), or absent. A neuroradiologist (FC) examined the DSA images to determine the BAVM angioarchitectural features including location; size; venous drainage pattern; and presence of a Willis, intranidal, or feeding-vessel aneurism. The SpetzlerMartin grade [16] based on nidus size, venous drainage pattern, and neurological eloquence of adjacent brain (from 1 to 5, with a higher grade indicating a higher risk of surgical complication) was also recorded. BAVM treatments such as surgical BAVM resection, embolization (microcatheter arterial occlusion using occlusive materials), or both were recorded. Patients with incomplete BAVM treatment were identified. Early BAVM treatment was defined as treatment started within the first seven days after hospital admission. Intracranial hypertension was defined as ICP greater than 20 mmHg for more than 10 minutes.
Endpoints
The primary endpoint was vasospasm in the ICU, with vasospasm defined as either TCD-VS or CI. Transcranial color-coded Doppler sonography (Envisor, Philips Medical Systems, Bothell, WA, USA) was performed daily by a neurointensivist in unconscious patients and in awake patients with symptoms (deteriorating consciousness, focal deficit, headache, fever, confusion) as part of the routine screening protocol used in our ICU. TCD-VS was defined as blood flow velocity >120 cm/s in any cerebral vessel [4, 17, 18] . Velocities were measured at a distance from the BAVM visualized by color-coded sonography, and the Aaslid index was determined to exclude a hyperemia-induced velocity increase [19] . Cerebral infarction was defined as CT or MRI evidence of cerebral infarction associated with vasospasm with no other identifiable cause [20] .
The Glasgow Outcome Scale (GOS) at ICU discharge was among the secondary endpoints. We considered two categories: poor outcome (death (GOS = 1), vegetative state (GOS = 2) or severe disability (GOS = 3)), and good outcome (moderate disability (GOS = 4) or good recovery (GOS = 5)). Length of stay was the time from admission to discharge in survivors. Finally, to take early deaths into account, we recorded ICU-free days as the number of days spent outside the ICU within the first 40 days; patients who died at any time were classified as having no ICU-free days.
Statistical analyses
Data are expressed as mean with standard deviation for normal quantitative variables, median with the interquartile range (IQR) for non-normal quantitative variables, and numbers (percentages) for qualitative variables. Normality was assessed using the D'AgostinoPearson omnibus test. The unpaired Student's t test was used to compare means, the Mann-Whitney U test to compare medians, and Fisher's exact method to compare proportions.
Stepwise logistic regression was performed to identify risk factors for TCD-VS. We used a semi-parsimonious approach, including only the available unbiased variables ( Table 1) . Discrimination of the final models was assessed using the c-statistic and calibration using the Hosmer-Lemeshow statistic. Internal validation was performed using 10-fold cross-validation [21] and was described based on the difference (optimism) between the c-statistic in the overall population and cross-validation samples and on the optimism-corrected c-statistic. The number of patients with CI was too small for a separate multivariate analysis of risk factors for this event. P-values were two-tailed and P-values less than 0.05 were considered significant. Statistical analysis was performed using R software and specific packages [22] . Figure 1 shows the patient flowchart. During the sevenyear study period, 2,734 patients were admitted to our neurosurgical ICU including 81 (3.0%) with BAVM rupture. Of these 81 patients, 9 were excluded, for the following reasons: BAVM rupture during elective treatment (n = 4), death before Day 4 (n = 4), or admission more than four days after BAVM rupture (n = 1). This left 72 patients for the study.
Results

Cohort description
Of the 72 study patients, 12 (17%) had TCD-VS and 6 (8%) had CI. DSA was performed in 4 of the 12 TCD-VS patients and showed diffuse vasospasm in all of them. Figure 2 shows an example of BAVM and angiographic cerebral vasospasm associated with CI.
Median time from BAVM rupture to TCD-VS diagnosis was nine days (IQR, 4 to 11). Figure 3 reports the cumulative incidence of TCD-VS according to time from BAVM rupture to TCD-VS diagnosis. All patients with CI had a previous diagnosis of TCD-VS. Table 1 lists the admission features and ICU outcomes of patients diagnosed with TCD-VS and CI. The risk of developing TCD-VS was greater in young patients (P = 0.05) and in patients with GCS scores <8 (P < 0.01). Neither TCD-VS nor CI was significantly associated with the amount of subarachnoid blood, intraventricular hemorrhage, or intracerebral hematoma. SAH was diagnosed in 32 (44%) of the 72 study patients, including 7 (58%) of the 12 patients with TCD-VS and 3 (50%) of the 6 patients with CI. IVH was present in 54% of the patients. More specifically, isolated IVH was diagnosed in 7 of the 72 patients, including 6 of the 60 patients without vasospasm and 1 patient with TCD-VS and CI. Neither TCD-VS nor CI was associated with BAVM location, angioarchitectural features or treatment modalities. The risk of developing CI was greater in patients with GCS scores <8 (P = 0.03). Details on the clinical and radiological features and treatment of each patient with cerebral vasospasm are given in Table 2 .
Admission risk factors for vasospasm
By multivariate analysis, three factors were associated with TCD-VS, namely, a worse GCS score, female gender, and younger age ( Table 3 ). The final model had good discrimination (c-statistic = 0.82) and calibration (Hosmer-Lemeshow statistic P-value = 0.16). The internal validation procedure showed good robustness of the final model (optimism = 0.04).
Consequences of cerebral vasospasm
Patients with TCD-VS had significantly fewer ICU-free days. Of the 72 study patients, 50 had poor outcomes (GOS 1, 2 or 3) at ICU discharge. The poor outcome was directly ascribable to the initial bleed in 42 patients, to CI in 6 patients, and to re-bleeding in 2 patients. The risk of a poor outcome was non-significantly increased in the patients who developed TCD-VS (relative risk, RR, 4.9; 95% confidence interval 95% CI, 0.7 to 35; P = 0.09). All six patients with CI had poor outcomes. In the patients without vasospasm, ICU mortality was 17% and causes of death were as follows: initial bleed (n = 5), refractory intracranial hypertension (n = 3), and rebleeding (n = 2). Of the patients with TCD-VS, 42% died and death was considered directly related to CI in two patients, intracranial hypertension in two patients, and the initial bleed in one patient (Table 2 ). Using logistic regression including age, GSC, TCD and CI, the only independent factor for poor outcome was GCS (odds ratio per unit increase, 0.82; 95% CI, 0.70 to 0.94; P = 0.01) whereas TCD-VS was not (OR, 2.80; 95%CI, 0.41 to 51; P = 0.36).
Discussion
To the best of our knowledge, this is the first cohort study describing the incidence and risk factors for cerebral vasospasm after BAVM rupture. Although rare (3.0% of admissions to our ICU), BAVM rupture was complicated by vasospasm within a few days in 17% of patients (TCD-VS) or 8% of patients (CI) depending on the definition used. In our study, the prevalence of cerebral vasospasm was lower than in studies of the main other causes of cerebral vasospasm. TCD-VS was diagnosed in 31% to 70% of patients after aneurismal SAH [4, 23] and in 20% to 50% patients with traumatic brain injury [1, [24] [25] [26] . We found that time to TCD-VS was 4 to 11 days in 92% of patients (median, 9 days). In the case-reports of BAVM rupture published over the last two decades, median time from bleeding to vasospasm was 13 days [7] [8] [9] [10] [11] [12] [13] . Similarly, in a study of 50 patients, angiographic cerebral vessel narrowing was noted 3 to 12 days after BAVM rupture [27] . Furthermore, the time to vasospasm in our study of BAVM rupture was comparable to that reported after SAH [28] and traumatic brain injury [1] .
We identified three early risk factors for vasospasm: age, gender, and GCS score. All three factors can be easily assessed at admission, which may help to stratify patients presenting with BAVM rupture. Interestingly, although no previous studies are available for comparison, there are eight published case-reports of vasospasm after BAVM rupture, all in young patients (mean age was 26 ± 12 years), six of whom are females [7] [8] [9] [10] [11] [12] [13] . This is in accordance with our finding that female gender and younger age were associated with vasospasm. The third independent risk factor for vasospasm in our study was a lower GCS score. Similarly, in previous studies, lower levels of consciousness predicted vasospasm after SAH [29] and traumatic brain injury [1] . In the present study, intraventricular hemorrhage was present in 83% and 100% of the patients with TCD-VS and CI, respectively, in accordance with the occurrence of IVH in all eight previously reported cases of vasospasm following BAVM rupture. The amount of blood in the subarachnoid spaces as assessed by the Fisher score has been recognized as a strong predictor of cerebral vasospasm after SAH [5] . However, the Fisher score did not significantly predict cerebral vasospasm in our study, and vasospasm has been reported after BAVM rupture without SAH [7, 8, 10, 13] . Although the exact pathophysiology of cerebral vasospasm remains unknown, our data and previously published cases suggest that IVH, but not SAH, may be associated with the development of vasospasm after BAVM rupture. Experimental evidence suggests that oxyhemoglobin release secondary to blood clot elimination may initiate the cascade involving vasoactive substances such as endothelium-derived nitrite oxide and endothelin-1, which leads to cerebral vasospasm [30, 31] . Further research is needed to clarify the pathophysiology of vasospasm after BAVM rupture and to explain the different impacts of subarachnoid and intraventricular clots on the genesis of vasospasm. Due to the small number of patients included in the present study, we were not able to identify additional predictors, although we found a trend toward an association between angio-architectural BAVM features and cerebral vasospasm. The high proportion of patients who received norepinephrine in the TCD-VS and CI groups compared to the group without vasospasm is ascribable to our policy of inducing arterial blood pressure elevation in patients diagnosed with vasospasm, as part of "triple-H" therapy.
Although evidence is lacking that treatments such as triple-H therapy, transluminal balloon angioplasty, or selective intraarterial vasodilator infusion are effective in SAH patients, these strategies are commonly used in this group of patients. Based on the current data it would be worthwhile to investigate the efficacy of these treatments in patients with ruptured BAVMs. No clear recommendations about arterial blood pressure management after BAVM treatment are available. Hyperemia has been documented after BAVM treatment. Although the underlying mechanism seems unrelated to systemic hemodynamic changes [32] , induced moderate hypertension may cause cerebral and systemic complications. Nevertheless, preventive strategies, such as nimodipine, might deserve evaluation in patients with BAVM rupture who are at high risk for vasospasm.
CI has been identified as the only outcome predictor in patients with SAH [4] . In the present study, TCD-VS and CI were associated with a non-significant increase in the risk of poor outcomes. Although the 21% death rate found in our study is close to the 18% 30-day rate reported by Brown et al. [33] , it was lower than the 29% rate found by the same group in patients with previously untreated BAVM [34] . Nevertheless, the Colombia group found a lower mortality rate [35] and another study found no mortality at all [36] . Furthermore, in a defined-population study, the case-fatality rate in patients younger than 60 years was about 10% [37] . The comparatively high mortality rate in our patients may be ascribable to differences in severity at admission. In our series, all the patients required ICU admission and 40% were comatose. Since no high-level evidence exists concerning the management of unruptured BAVM, heterogeneity in the treatment methods may contribute to explain mortality rate differences across studies. The ongoing Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA) [38] comparing treatment versus conservative management of unruptured BAVM can be expected to provide answers on this last point.
Unfortunately, the number of patients included was too small to determine whether TCD-VS and CI were independently associated with a poor outcome. Several definitions of cerebral vasospasm are commonly used, including TCD velocity elevation above 120 cm/s, symptomatic vasospasm, angiographic vasospasm, and CI diagnosed by CT or MRI. TCD is a well-validated tool for detecting vasospasm [39, 40] with acceptable positive and negative predictive values for angiographic vasospasm but low sensitivity for predicting the neurological outcome [41] . Moreover, intra-and inter-observer variability is of concern and should be taken into account when interpreting velocity changes over time. Nevertheless, intra-observer bias may be minimized by having the same neurointensivist perform all TCD investigations in a given patient [42] , as was the case in the present study. Furthermore, mean flow velocities were well above 120 cm/s, and using a higher cut-off point of 150 cm/s would not have changed our results. In our study, TCD was performed in unconscious patients and in awake patients with symptoms. Since not all patients with vasospasm have symptoms, this approach may have underestimated the true incidence of TCD-VS. Angiographic vasospasm was not considered in our study. The absence of recommendations about vasospasm management after BAVM rupture and the poor clinical condition of some patients precluding transport to the radiology department explain that DSA was not performed routinely. This weakness of our study is mitigated by the good reported correlation between TCD and DSA [39] for vasospasm assessment. Furthermore, DSA may require general anesthesia and is associated with a small risk of procedure-related stroke. Finally, no treatment recommendations are available for BAVM rupture with vasospasm. Conceivably, the local cerebral blood flow modifications induced by intraarterial treatments may lead to re-bleeding, especially when the BAVM has not been secured. There are several limitations to our study. First, we used a retrospective design in a small number of patients from a single center. However, given the prevalence of BAVM of only about 0.01% in the general population [43] , a retrospective design was appealing to ensure study completion within a reasonable timeframe. Second, our data from a single center may not apply to all other centers. Third, vasospasm following BAVM rupture is rare and, consequently, our sample size was small, limiting the statistical power of our study, which may have led us to miss a number of risk factors. Moreover, the number of patients included in the present study was too small to investigate properly whether TCD-VS and CI were independent predictors of a poor outcome. This crucial point will have to be determined in a larger study. In addition, the number of patients with CI was also too small for a separate multivariate analysis of risk factors for this event.
Conclusions
After BAVM rupture, TCD-VS occurred in 17% of patients and CI in 8%. Admission risk factors for TCD-VS were low GCS, younger age, and female gender. A non-significant trend toward poorer outcome exists in patients with TDC-VS and CI. Prospective, multicenter studies are needed to further assess the incidence and significance of vasospasm and CI after BAVM rupture and to identify additional predictors.
Key messages
• Transcranial Doppler cerebral vasospasm is a common complication following brain arteriovenous rupture.
• Cerebral vasospasm in brain arteriovenous rupture is associated with low GCS, young age, and female gender. 
